In medical imaging, contrary to applications in the consumer market, the use of irreversible or lossy compression is still in its beginnings. This is due to the suspected risk of compromising the diagnostic content. Many studies have been performed, but it was not until 2008 that national activities in different countries resulted in recommendations for the safe use of irreversible image compression in clinical practice. Quantitative coronary angiography (QCA), however, poses a special problem, since here a large variation in published maximum compression factors has strengthened the general concerns about the use of lossy techniques. Up to now, the reason for the variation has not been thoroughly investigated. Reasons for the discrepancies in published compression factors are determined in this study. Since JPEG compression reduces the quantum noise of the X-ray images, the impact of compression is overestimated when interpreting any change in local diameter as an error. By taking into consideration the quantitative effect of quantum noise in QCA, it is shown that the influence of JPEG compression can be neglected for compression factors up to ten at clinically applicable X-ray doses. This limit is comparable to that found by visual analysis for aesthetic image quality. Future studies on image compression effects should take the interaction with quantum noise explicitly into consideration.
INTRODUCTION

I
rreversible compression facilitates the efficient storage and transmission of digital images. The application of irreversible compression was established early in the consumer market, boosting the development of technology and devices in this area. In medical imaging, however, the suspected risk of compromising the diagnostic content prevented the widespread application of irreversible compression for a long time. More precisely, two applications have to be distinguished: (1) the use of compressed images for routine visual assessment and (2) their use in quantitative evaluation. This study centers on the second application, but with regard to the aspect of image quality for medical applications, both have to be discussed in context.
Since the introduction of the first international standard for irreversible image data compression, JPEG, in 1992, 1 research has been intensified in both fields. 2 In 2000, Erickson concluded in a publication for the Society for Computer Applications in Radiology, "Increasing evidence suggests that some forms of irreversible compression can be used with no measurable degradation in aesthetic or diagnostic value."
3 Six years later, in 2006, it was stated that "based on scientific studies, irreversible compression is a clinically acceptable option for the compression of medical images," concluding, "the adoption of irreversible compression as a standard of practice is no longer a matter of 'if' but a matter of 'when'."
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Following that, national activities were undertaken in different countries to establish the adoption of irreversible image compression in clinical practice. In February 2008, working groups of the German Roentgen Society organized a consensus conference to define the maximum accepted compression as a recommendation for radiologists. 5 In April 2008, the Royal College of Radiologists in the United Kingdom published 'recommended levels of compression for different modalities for the purpose of primary diagnosis'. 6 At the same time, Canadian activities resulted in a similar recommendation. 7 There is now general agreement on the use of compression for visual assessment of coronary obstructions, when applying irreversible JPEG compression in the range up to factors of 8:1 or 10:1. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Some detailed studies on quantitative coronary angiography (QCA), however, have resulted in much lower compression limits, while the results of other investigations on QCA pointed to an even higher compression tolerance.
The aim of this analysis is to resolve this disturbing discrepancy in thoroughly conducted QCA studies. The discrepancy between the high compression tolerance found in the studies on visual content and the low tolerance reported by some of the quantitative studies shall be explained at the same time. Table 1 gives an overview of the results of the published studies on the effect of irreversible JPEG compression on QCA. These results can be divided into two groups. When considering the lower estimates, the compression ratio is limited to a small value (≤6:1). The authors of these studies agreed that QCA algorithms are very sensitive to artifacts that are induced by JPEG compression. On the other hand, there is the second group of studies that agrees on allowing large compression ratios (typically 12:1) with the conclusion that QCA algorithms are rather insensitive concerning irreversible JPEG compression.
To resolve the discrepancy, this study analyzes the results of the evaluation of clinical coronary angiograms and of two kinds of phantom vessel images (physical and computer phantoms) for the first time in a common experimental design, instead of assessing them in separate studies. This allows the examination of the influence of X-ray quantum noise that the above-mentioned QCA studies did not take into consideration. The development of a modified QCA algorithm that offers a spatial resolution of 0.1 pixels was a prerequisite for this analysis. This algorithm is based on an edge detection procedure frequently used in previous scientific QCA studies.
MATERIALS AND METHODS
Images
Three sets of images were used: (1) coronary angiograms from clinical routine, (2) images of perspex phantom vessels, and (3) images of phantom vessels obtained by computer simulation. The coronary angiograms and the images of perspex phantoms were acquired at a digital catheterization laboratory (Siemens HICOR) at a standard X-ray exposure of 0.18 μGy per frame. The angiograms selected were acquired with an image intensifier input screen diameter of 12 cm. The perspex phantoms were acquired utilizing two image intensifier input screen diameter sizes: 17 cm, often used in coronary angiography and 12 cm, the minimum input screen diameter providing maximum enlargement and mainly used in interventional procedures.
The images have a spatial resolution of 512 × 512 pixels, resulting in a pixel size of 0.25 mm (12 cm input screen diameter) and 0.35 mm (17 cm input screen diameter). The gray value resolution is 8 bit.
Digital Coronary Angiograms
The coronary angiograms were routinely acquired at the cardiac catheterization laboratory of the University Hospital of Mainz, Germany, with a Siemens HICOR system, using X-ray contrast dye with the usual concentration of 370 mg/ml iodine. The angiograms from 48 patients, who underwent routine diagnostic or interventional procedures, were chosen at random. One hundred thirty-one images, appropriate for QCA analysis, were selected from the cine runs of these patients. Each of these images was taken from a different sequence. On these images, 158 vessel segments were selected with a coronary stenosis.
Images of Perspex Phantom Vessels
Perspex tubes (Arri, Munich, Germany) with precision drillings (0.7 mm up to 5.5 mm) were used. They were filled with contrast dye Urografin (Schering, Berlin, Germany) using concentrations of 370 and 200 mg/ml iodine. The acquisition was carried out using water as a patient-equivalent scattering medium.
Simulated Phantom Vessel Images
Phantom vessel images were calculated for image intensifier input diameter values of 12 and 17 cm and contrast dye concentrations of 200 and 370 mg/ml iodine. The calculations used settings for quantum noise and aperture that are clinically relevant. 18 Images were calculated for vessel diameters between 3 and 25 pixels, in steps of 0.5 pixels. The QCA algorithm used allows do determine edges with a resolution of 0.1 pixels. For this reason, for each diameter value, vessel images were calculated with the vessel position shifted relative to the pixel raster in 0.1 pixel steps. This resulted in ten images for each diameter value.
Quantum Noise
Noise in medical X-ray images is mainly caused by the quantum structure of the X-ray beam. At the typical dose rate per frame of about 0.2 μGy applied in angiocardiography, the number of quanta is small enough to give rise to detectable statistical fluctuations, the quantum noise, which cause the well-known quantum mottle ("salt-andpepper" noise) in the images. This mottle does not usually affect the visual analysis of the images. On the other hand, quantitative analyses, making use of local image information on a pixel basis, have to take quantum noise into account. In computerized edge detection, the smoothing of the underlying pixel data during edge detection and the smoothing of the resulting edges reduces the influence of quantum noise but reduces also the sensitivity of the edge detection. Therefore, only a moderate smoothing of data can be performed.
Image Compression
Image compression was achieved using the JPEG standard. The JPEG quality factor controls the quantity of compression in the JPEG algorithm. The resulting compression factor depends on the content of the images. In this study, JPEG quality factors between 100 and 70 were used. Figure 1 shows the relationship between the JPEG quality factor and the average compression factor for the coronary angiograms used.
Quantitative Coronary Angiography
QCA is an objective method to measure the geometrical dimensions of vessels. The use of computer-aided automatic edge detection results in more exact and reproducible results than visual estimates. 19, 20 QCA is still based on two-dimensional X-ray images of the three-dimensional contrast-filled vessel lumen. Therefore, the current standard quantitative methods focus on the projection of the vessel. However, research on three-dimensional QCA 21, 22 and on the integration of QCA with intracoronary ultrasound 23,24 is making progress. The QCA technique used for this study is based on an automated edge detection algorithm, applied to single frames of angiographic scenes. These frames are displayed on the QCA workstation. Using the system mouse, the operator indicates, on the selected image, the beginning and end of the vessel segment to be analyzed. After this, a path line through the segment of interest is automatically computed. Alternatively, the user may indicate the approximate midline of the vessel segment. For successive lines perpendicular to this midline, the algorithm identifies the vessel edge points based on the values of the convolution of the brightness profiles with a predefined convolution kernel. A dynamic path search with a minimum cost algorithm finally supplies the vessel edges. 25 In a second iteration, a new midline is automatically generated according to the position of the initial edges, and then the final edges are determined as before. The edges are smoothed using a least squares fit and are displayed on the screen. After the final edges have been detected, the diameter function is determined from the left-and right-hand edge positions, allowing the further assessment of relevant clinical parameters.
The software used in this study allows the storage and the later use of the midline data from the second iteration of edge detection described above, so that exactly the same midline can be used in the evaluation of the corresponding compressed images. Using the same midline in all measurements of the same vessel ensures that the vessel is always examined identically, i.e., at the same locations.
Convolution Kernels
Two kinds of convolution kernels, representing typical methods for edge detection, 26 were used. The size of the convolution kernel was 5 points. Figure 2 shows the convolution kernels for the left edge of the gray value profile of the vessel. The corresponding kernels for the right edge are obtained by mirroring the left edge kernel at the vertical axis.
The first derivative of the gray value profile and cubic smoothing with the method of least squares determine the edge position, using kernel 1. 27 Convolution with kernel 2 is equivalent to matching an edge profile with the gray value profile.
28 A modified high-resolution algorithm was used that enables the determination of the edge positions with a resolution of 0.1 pixels.
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Measurement Routine
The uncompressed images were analyzed interactively by an experienced user. The accompanying midline was stored together with the resulting edge data. This midline was uploaded and reused in the subsequent automated analyses of the corresponding compressed images.
Preliminary investigations indicated that the vessel/edge position relative to the 8×8-pixelblock boundaries of the JPEG algorithm affects the results of QCA in the compressed image. To take this into consideration, repeated measurements were performed with each image, shifting the image (and the corresponding midline) relative to the block boundaries. This shift was performed automatically by the computer, horizontally, parallel to the pixel raster, in steps of 1 pixel. Thus, eight positions resulted in eight evaluations for each image.
Measured Parameters
In the phantom images, the mean value and standard deviation of the diameter were determined along the homogeneous (i.e., with constant true diameter) vessel segments. In addition to this, the local diameter was examined, and its change due to compression was determined in order to compare the results with those of the analysis of coronary angiograms. In the coronary angiograms, the minimum vessel diameter of the examined vessel section was selected as a special case of the local diameter, and the compression-induced change of the minimum vessel diameter was determined. No calibration was carried out. Only pixel values were examined.
For each of the underlying primary images, the results of the shifted images (see "Measurement Routine" section) were summarized to get the overall compression effect. For the same reason, the results of the images with shifted vessel positions (subpixel shifts) were summarized for each of the underlying true diameter values for the simulated phantom images.
RESULTS
Only the results for kernel 1 are presented here, since all relevant inferences from the results for kernel 1 are also valid for kernel 2. Furthermore, only the results of the 12 cm image intensifier images are presented because these images are the most sensitive to compression and therefore, affected the most. The results obtained from the 17 cm image intensifier images are more or less inversely proportional to the image intensifier diameter; in this case, the factor is 12/17. This behavior is analogous to the corresponding changes of the signal to noise ratio of quantum noise. The signal to noise ratio is proportional to the square root of the number of X-ray quanta, which is proportional to the pixel area. This area corresponds to the square of image intensifier diameter value. Figure 3 shows the results of the analysis of the coronary images. The compression-induced change of the minimum diameter of a defined vessel segment was analyzed. The associated minimum diameter in the uncompressed image served as the reference value. For each of the JPEG quality factors examined and for all coronary angiograms, the changes were summarized by the mean value and standard deviation. These values are plotted as a function of the JPEG quality factor.
The results of the corresponding analysis of the images of the perspex phantom vessels are shown in Fig. 4 . In this analysis, the change of local diameter, due to compression, was determined. Again, for all the phantom images examined, at each of the JPEG quality factors, the changes were summarized by the mean value and standard deviation.
The results are comparable to those obtained from the analysis of the coronary angiograms. At the contrast dye concentration usually applied in coronary angiography, the standard deviation is a little smaller for the phantom vessel images than it is for the coronary angiograms. This can be explained by additional sources of error in clinical coronary angiography, e.g., inhomogeneous background of the analyzed vessel segments, differing quality of radiation, incomplete replacement of the blood by contrast dye, or varying mixture of the contrast dye with blood, corresponding to variations in contrast dye concentration.
Clearly smaller effects of compression can be observed when looking at the change of the total diameter of the vessel phantoms. In Fig. 5 , the compression-induced changes of standard deviation (Δσ) and of mean value (Δμ) of diameter are plotted as a function of the JPEG quality factor. The changes have been summarized for the diameter range examined, without differentiating between the phantom diameter values, since only the range of changes, i.e., the maximum change is of interest. The results are plotted as box and whisker plot; outliers and extreme cases are represented as diamond-shaped points.
To explain this difference in the effects of compression, the compression-induced changes have to be investigated in detail.
Assessing the Role of Quantum Noise
Considering a vessel with constant true diameter (i.e., a phantom), compression clearly has a larger influence on the local diameter value, determined by QCA, than on the mean value of the diameter. It is important to note that for the diameter mean value (which approximates to the true diameter value) the influence of quantum noise is strongly reduced. This is due to averaging, while in local diameter measurements this influence is present. When the results depend on the choice of mean diameter or local diameter as the reference, this is evidence for an interaction of quantum noise and compression. This interaction can be examined in detail by a discussion of the results from the simulated phantom images. The exact magnitudes of the measured values mainly depend on the contrast dye concentration and the X-ray dose applied for the simulation. Thus, they may vary with the images examined. However, the basic findings are universally applicable. Experiments, using images of perspex phantom vessels, have confirmed these findings.
In this study, where simulated phantoms are used that provide constant diameters, there are two main sources of the variability in the diameters measured: the noisy structure superimposed on the ideal X-ray image by quantum effects and the variability induced by irreversible compression of the noisy images. In the uncompressed image, variability is caused by quantum noise. For that reason, even in the simulated angiographic images with their ideal geometry, different values of the diameter d0 are measured at different locations along the artificial vessel. The mean value (μ0) of the corresponding distribution approximates the true diameter.
In Fig. 6 , a special representation has been chosen to show the relationship of the diameter values d0, which are measured in the uncompressed original image, with those measured in the compressed image, d. For that, the diameter values have been measured at corresponding locations along the vessel in the uncompressed image and the compressed image. The data have been acquired at JPEG quality factor 90, using simulated phantom images. The compression-induced change of diameter (d−d0) is plotted as a function of diameter change caused by quantum noise in the uncompressed image (d0−μ0). The discrete values for d0−μ0 are due to the spatial resolution of the QCA algorithm. The projection plotted along the vertical axis shows the corresponding distribution of diameter changes caused by compression, while the projection above the horizontal axis supplies the distribution of the changes of diameter due to quantum noise.
The simplest theory would predict that the two sources of variability (quantum noise and compression) should add up. As a result, the diameter values at those locations, which contribute to a particular value of d0 in the uncompressed image, after compression would be distributed around this value, while their mean value would remain at the particular value of d0. To test this first-order prediction, the values of the two described diameter distributions are subtracted from the mean values of these distributions, obtaining the distributions of diameter changes:
Y Change due to quantum noise: Δ roentgen = d0−μ0 Y Change due to compression:
For the simple model of an additive effect of random compression noise, a vanishing mean value of Δ compression would be expected. In Fig. 6 , the distributions of the associated compressioninduced diameter changes (Δ compression ) are shown as a function of the change due to quantum noise (Δ roentgen ). The dots mark the mean values and the bars represent the standard deviations. Compression-induced variability is added to the existing variability, as expected. The measured values with original diameter d0 (resp. diameter change Δ roentgen ) show an additional variability after compression (see error bars). This effect of compression is quite homogeneous for the different values of d0 resp. d0−μ0.
Nevertheless, there is a deviation from the simplifying prediction that the mean values of the respective distributions should lie on the horizontal axis. In Fig. 6 , a systematic change of these mean values is observed. The quantity of this change shows a negative correlation with Δ roentgen . Those diameter values, which were underestimated before compression, become larger after compression, while larger ones become smaller. Thus, the measurement variability due to quantum noise is effectively reduced. This is in accordance with the theoretical prediction and the visual observation, indicating that the JPEG compression procedure works like a low-pass filter in the spatial frequency domain and therefore, reduces the high frequency component of quantum noise.
3,10,29
A more systematic analysis is possible by dividing the compression-induced changes of the diameter into the contributions that are due to the different initial diameter values, d0, in the uncompressed image. This can be done mathematically (see Appendix). Figure 7 shows the results of the division for an image of a perspex phantom vessel with a typical vessel diameter of 3 mm. With the compression procedure used, the contribution of the high frequency quantum noise (σ roentgen ) is reduced. Simultaneously, a compression-induced noise (σ compression ) appears. In the measurements, this effect appeared in the range of JPEG quality factor between 100 and 95. Below quality factor 90, the contribution of the quantum noise to the total noise drops to a small part. The total noise then mainly consists of the contribution of compression. These considerations make the small net effect of the compression for the total variability (σ total ) plausible.
DISCUSSION
If the original image is used as the reference, this results in a bias against compression, because any difference can only favor uncompressed images. 3 The isolated view at the compressioninduced changes of the local diameter leads to incorrect interpretations, when discussing the influence of compression on the results of QCA. This discussion must take into account the fact that the reference, which is the measured local diameter value in the uncompressed image, is generally different from the true value that is measured in an image without presence of quantum noise. The deviation of the measured value from the true diameter is essential for the determination of the influence of compression. However, this true diameter cannot be locally determined, since local diameter values imply deviations induced by quantum noise.
This has been demonstrated by the evaluation of the phantom images. If the changes refer to the mean value of the phantom vessel diameter, this results in clearly smaller compression effects than if the changes refer to the local diameter (cp. Figs. 4 and 5 ). This is due to the described interaction of quantum noise and compression. The decrease, due to compression, of the influence of quantum noise gives rise to changes of the local diameter. These changes must not to be interpreted as degradation in the sense of a distortion of the measured values, since statistically the measured local diameter moves closer to the true diameter value. Observing only the local diameter, any compression-induced change is interpreted as degradation.
When using coronary vessels, the true local diameter value is not known. Nevertheless, the true impact of compression on the patient images can be deduced from the results of the phantom images: In the phantom images, additionally analyzed in the study, it is possible to determine the true diameter value, using the mean value of the diameter values along the phantom vessel. The reference to this mean value, for the calculation of systematical and random effects of compression, results in the assessment of the true impact of compression for the phantom vessels. The accompanying analysis of the local diameter of the phantom vessels makes it possible to relate the results of the evaluation of the phantom images to those of the patient images. In this way, the true impact of compression for the patient images can be concluded from the results of the phantom images. To do this, the same imaging conditions as for the coronary angiographic images have to be applied when simulating phantom images.
In summary, the mean diameter measured in a homogeneous vessel segment (i.e., a segment with constant true diameter) has to provide the reference for all variability measurements in compression studies. Since such homogeneous vessel segments can be found only approximately within coronary angiograms (except for the catheter), the use of homogeneous phantom vessel images is preferable in basic studies of image data compression. It could be argued that this type of phantom studies cannot exclude a loss in the relevant fine structure of lesions due to compression. The two independent international studies on visual image quality mentioned above, 9,11 however, have indicated that no such critical loss of lesion structure accompanies the low-pass effect of the compression algorithm. In one of these studies, 9 even a compression-induced enhancement of visual lesion imaging quality was reported by several observers at low compression factors, an effect assessed even more quantitatively by this study.
Resolving the Discrepancies of the Previously Published Data
The results prompt a more detailed look at the studies for validity of image compression, specified in Table 1 . The additional information specified in Table 2 shows the variations in the methods applied. In some cases, the mean diameter was measured, in others, the minimum local diameter. Most of the studies applied QCA to coronary angiograms, only in one case to simulated phantom vessels. It is easily recognized that in the group of studies, which resulted in a limited range of permissible compression (≤6:1), the local diameter of coronary vessels was analyzed. As shown above, this mode of evaluation results in a compression limit, which is unrealistically low. The discrepancies between the maximal compression ratios can be explained and resolved with the results of this study.
Influence of the Compression-induced Changes of the Diameter on the Overall Result
The analysis of the compression-induced change of the diameter of phantom vessels shows only small effects at the contrast dye concentration 370 mg/ml, usually applied in coronary angiography. The changes of mean value and standard deviation of diameter are lower than 0.1 pixels up to the limit of compression, given by the aesthetic image quality at JPEG quality factor 93 (compression factor of 10 10 ). Over the entire range of compression examined, the changes are lower than 0.2 pixels.
To evaluate the relevance of this change, the different contributions to the variability of the measured diameter have to be taken into consideration. In addition to the quantum noise already considered, variations due to the patient, the angiographic procedure, and frame selection for image analysis contribute to variability. The literature reports a total value of 0.14-0.17 mm for these contributions to total QCA error. 30, 31 This corresponds to about 0.6-0.7 pixels at the 
CONCLUSION
JPEG compression interacts with the quantum noise of X-ray images. At limited compression factors, the JPEG compression/decompression procedure is equivalent to a low-pass filter in the spatial frequency domain and therefore, reduces the high frequency component of quantum noise. For this reason, the impact of the compression on the results of quantitative coronary angiography has been overestimated in some literature, by interpreting any change in local diameter as an error due to compression, while disregarding the beneficial effect of compression on quantum noise. So in previous studies the results from the uncompressed images should not have been used as reference, since they are biased as well. By taking into consideration the quantitative effect of quantum noise in QCA, the influence of JPEG compression can be neglected for compression factors up to ten at clinically applicable X-ray doses. This limit is comparable to that found by visual analysis for aesthetic image quality. The design of future studies on image compression effects, applying advanced imaging or measurement techniques, should take the interaction with quantum noise explicitly into consideration.
APPENDIX
For a vessel with constant true diameter (phantom), the total standard deviation σ of the measured diameter along the vessel in the compressed image 
Thus, the total standard deviation of diameter is divided into compression dependent σ compression and σ roentgen that comes from the distribution of diameter values in the uncompressed image. Without compression, the equation above describes the standard deviation of diameter d0 due to quantum noise. In this case, μ i corresponds to d0 i , and σ i results in zero.
